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ABSTRACT

A set of four strong focusing magnetic quadrupole lenses has been con-
structed and operated. Each lens consists of four air cooled electromagnets
with pole tips having a hyperbolic cross section. Each lens is 4 in. long and
has an aperture 2 in. in diameter. Measurements of the magnetic field demon-
strate that the hyperbolic cross section satisfies the requirements of a constant
magnetic field gradient very well. The technique of deflecting a current /
carrying flexible wire has been used to measure the trajectory of charged
particles through the system of lenses. It has been observed that the strong
focusing requirements are satisfied. The system of lenses was then used to
focus 0.5 Mev protons, 20 Mev deuterons, and 40 Mev alpha particles. The
parallel beam of 0.5 Mev protons was detected by observing the incandescence
of a quartz plate while the protons were bombarding it. The focused beam was
less than 1 mm in diameter. The astigmatic 20 Mev deuteron beam from the

60 in. cyclotron was increased in current density by a factor greater than 30.
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Methods have been de scribedl’ e for accelerating charged particles
and maintaining these particles in stable orbits by the use of '"strong focusing
lenses!. These lenses consist of electric or magnetic quadrupoles with the
charged particles traveling in the direction of the common axis.

Figure 1 shows a system for deflecting a parallel beam of charged
particles so that they are brought to a focus at the point F, a distance beydnd
the last lens. Figure 2 shows the experimental arrangement. Although a
system of magnetic quadrupoles is shown, these could be replaced with a
similar system of electric quadrupoles. The system shown in Fig. 1 can be
regarded as an astigmatic lens followed by two astigmatic lenses rotated at 90°
to the first lens, and then this combination followed by a fourth astigmatic lens
rotated another 90° from the second pair of lenses.

The purpose of this report is to show the results of measurements of
the magnetic field in the region of the beam axis, and to show the results of
measurements of the trajectories of charged particles entering parallel to
the axis.

To satisfy the strong focusing requirements, the geometry was selected
so that de/dy = dBy/dx = k. To achieve this, the pole tips were made of mild
steel with a rectangular hyperbolic cross section, 2-1/2 in. wide and 4 in. long
as shown in Fig. 3. The magnet yokes were made of mild steel and have a
14-1/2 in. inner diameter, a 16-1/2 in. outer diameter, and are 4 in. long.
Each pole tip was wound with 200 turns of no. 8 square copper conductor,
glass insulated and air cooled. The '""radius' of the lens is 1 in. between the

beam axis and the vertex of each hyperbola.
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MAGNETIC FIELD MEASUREMENTS

The magnitude of the magnetic field was measured in the x, y plane at
various distances along the z axis of Fig. 1. To facilitate measurements lucite
templates were made so that a coil of bismuth wire could be inserted in a
cylindrical hole, Fig. 4. e o o

The results of measurements made along the asymptotic lines, of the
hyperbola are shown in Figs. 5 and 6. The magnetic intensities along the contours
of the hyperbola are shown by Figs. 7 and 8. The magnetization curve measured
at a distance of 1 in. below the axis on the asymptotic line V is shown by Fig. 9.

From the graphs, it can be observed that the "strong focusing" require-
ments are satisfied to an accuracy that is at least as good as the magnetic
measurements, i.e. + 2 percent for values of B greater than 750 gauss. The
magnitude of the field at the axis was too small to measure accurately using
the bismuth wire technique.

The magnitude of the stray magnetic field between lenses has been
measured. It was observed that for a current of 30 amps/coil and with a
separation of 3 in. between lenses, the magnitude of the field along the line
through the vertex of the hyperbolas, and midway between lenses is 14 * 4 percent
of the field intensity at the vertex. The field goes to zero in a plane that passes
through the axis and is at 45° to the planes through the vertices.

The magnetic field at the midpoint of the line through the vertices is
20 £ 4 percent of the field intensity at the vertex for a current of 30 amps/coil
and a separation of 2 in. between lenses. When extensions 1/2 in. long were
added to the hyperbolic pole tips, the field at the corresponding point was
43 * 4 percent of the field intensity at the vertex.

MEASUREMENTS OF CHARGED PARTICLE TRAJECTORIES
¢ 1

&
The deflected wire technique‘ was used for determining the "trajectory"

of charged particles through the system of lenses. The lenses were mounted
with the common axis horizontal and the asymptotic lines between poles
vertical and horizontal. A horizontal reference plane of bakelite was inserted
near the axis and a 1.5 mil diameter copper wire was inserted along the axis.
The wire was stretched over a 90° pulley and placed in tension T by a 5.5

gram weight. When the quadrupole magnets were excited and a current i was
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passed through the 1.5 mil wire, the wire was deflected to a position equivalent
to that of a particle of charge e, velocity v, and momentum Hp satisfying the
relation Hp = T/ev. If H}\i:s expressed in gauss cm, T in dynes, then ev =i,
the current through the wire in abamperes. |

A convenient method o;atisfying the condition that a particle will come
to a focus at an arbitrary point F, Fig. 1, is to fix the position of the wire at
the point F and then adjust either the current in the magnets, or the current in
the wire, or both, until the wire is deflected in the desired direction at the
entrance to the system of lenses.

Figure 10 is a plot of the focusing magnet current required to focus
particles of the indicated momenta entering parallel to the axis, at a distance
of f =1-1/2 in. and f = 27.2 in. from the exit of the last lens.

It is observed that with 15 amps/coil, a 10 Mev proton or a 140 Mev
electron entering parallel to the axis is brought to a focus at a distance of
1-1/2 in. from the exit of the last lens. Also, a 35 Mev parallel beam of protons
is brought to a focus at a distance of 27.2 in. with 480 watts power dissipated in
the magnets.

A convenient method of estimating the '"astigmatism'" of the system is
to adjust the magnet current to a constant value, fix the position of the wire at
the desired focal point, _.and_a.djust the current through fhe’ﬂexible wire so that
the wire is parallel to the axis in the field free space, before entering thé_ "
system of lenses. A plot is given by Fig. 1l showing the current required in the
flexible wire such that the wire will be parallel to the axis. The diagram for
the entire quadrant is shown in Figs. 12 and 13, | |

The trajectory of the particles through the system of lenSes is shown
by Figs. 14 and 15. Protons of 7.6 Mev energy entering parallel to the axis,
from the right are brought to a focus at a distance of 1-1/2 in. beyond the exit
of the last lens, when the gradient is 2000 gauss per inch. The spacing between
vertices of the rectangular hype.rbolas is 2 in., radius of 1 in.,, and particles
3/4 in. off the axis are brought to a focus, even though their maximum

excursion is 1-1/8 in. from the axis.

OPERATION WITH CHARGED PARTICLES

The system was operated as indicated in Fig. 1 with 460 Kev protons
incident parallel to the axis and focused at a distance of f = -Czi- =1-1/2 in. beyond

the exit of the last lens. It was observed that a magnet current of 3 amperes/pole
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was required to focus the beam, in agreement with the value of 2.9 amperes
given in Fig. 10 as determined by the flexible wire technique. The entrance .
beam was observed with a grid of 1 mil diameter parallel tungsten wires
separated 1/32 in., and was adjusted to have a 1/2 in. diameter. The beam
was focused on a quartz disc which became incandescent and the spot diameter
could be made less than 1 mm. The ''grain'’ structure of the quartz, and
charging up of the quartz was a limit to this technique. _

The lenses were then connected so that alternate poles, both axially
and azimuthally were made to alternate in polarity. The magnet current
necessary to focus parallel rays at f = 1-1/2 in. was then observed to be 13.1
amperes/pole. At a distance of f = 8 in., the optimum focus was observed at
8.9 amperes/pole with a considerable amount of astigmatism.

Two of the lenses were then used to focus the 20 Mev deuteron
astigmatic beam from the 60 in. cyclotron. It was possible to increase the

current density by greater than a factor of 30 by this system of lenses.

COMPARISON WITH CALCULATIONS

Dr. Lloyd Srnith4 has formulated a convenient matrix method of
solving the equation of motion of the charged particles through a series of
lenses. When these equations are transformed to apply to the NSSN com-
bination of Fig. 1, the calculated magnetic field gradient necessary to focus
parallel rays of 11 Mev protons at a distance of f = G/2 = 1-1/2 in. is 3700

gauss /inch.

The measured field, using the flexible wire technique is 2500
gauss/inch. However, with this type of magnet, the leakage field between
adjacent lenses is also useful in focusing the charged particles. Magnetic

measurements indicated that the effective length of each lens was approxi-

mately 5 in. or 25 percent greater than the geometrical length. To agree
with the calculated gradient, the effective length of each lens must be 6 in.
Thus, the agreement is only fair.

Next, considering the NSNS combination of lenses the magnetic
field gradient required to focus 11 Mev protons that enter at a point focus
1-1/2 in. before the first magnet and are focused 1-1/2 in. after the last
magnet is 12, 500 gauss/inches. Assuming in each case that the effective
length of each lens is the same as the geometrical length, the ratio 12, 500

divided by 3700 is 3.4. The measured value of field gradient for 450 Kev
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protons compared for the two above combinations of lenses is 2100 divided
by 550 or 3.8. The agreement is again fair since no attempt has been made

to take into account the leakage field between lenses.
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